Functional impairment after brain ischemia results in part from loss of neuronal spines and 37 dendrites, independent of neuronal death. Cofilin-actin rods are covalently linked aggregates of 38 colfilin-1 and actin that form in neuronal processes (neurites) under conditions of ATP depletion 39 and oxidative stress, and which cause neurite degeneration if not disassembled. ATP depletion 40 and oxidative stress occur with differing severity, duration, and time course in different ischemic 41 conditions. Here we evaluated four mouse models of brain ischemia to define the conditions that 42 drive formation of cofilin-actin rods. Three of the models provide early reperfusion: transient 43 middle cerebral artery occlusion (MCAo), transient bilateral common carotid occlusion (CCAo), 44 and cardiac arrest / cardiopulmonary resuscitation (CA/CPR). Early reperfusion restores ATP 45 generating capacity, but also induces oxidative stress. The fourth model, photothrombotic 46 cortical infarction, does not provide reperfusion. Cofilin-actin rods were formed in each of these 47 models, but with differing patterns. Where acute reperfusion occurred, rod formation was 48 maximal within 4 hours after reperfusion. Where infarction occurred, rods continued to form for 49 at least 24 hours after ischemic onset, and extended into the adjacent non-ischemic tissue. 50 Interventions that limit cofilin-actin rod formation may help to preserve integrity of neuronal 51 processes in permanent ischemia. 52 53 54 55 56 3 57 Introduction 58 Neuronal death contributes to functional disability after brain ischemia, and several 59 mechanisms by which this occurs are now well established [1]. Loss of neuronal dendrites and 60 spines may also contribute to functional disability [2-4], but far less is understood about these 61 events. Ischemic injury can induce a loss of spines and dendrites even when the parent neuron 62 survives [3, 4]. This subcellular level of injury is difficult to identify histologically or by standard 63 noninvasive imaging modalities such as magnetic resonance imaging scans. To the extent that 64 dendritic spines represent the anatomical correlate of experience, their loss would be expected 65 to produce a transient, if not permanent functional deficit.
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To our knowledge, there have been no prior published studies of cofilin-actin rod formation in 91 brain ischemia. Ischemic brain injury (ischemic stroke) is broadly classified as either "transient 92 ischemia" (or "ischemia-reperfusion") when reflow occurs soon enough to preserve viability in at 93 least a fraction of the ischemic tissue, or "permanent ischemia" when it does not. ATP depletion 94 and oxidative stress occur with both types of ischemia, but with differing severity, duration, and 95 time courses. Given that both ATP depletion and oxidative stress drive cofilin-actin rod 96 formation, it is difficult to predict the patterns cofilin-actin rod formation that may occur in 97 transient versus permanent ischemia. Accordingly, the aim of this study was to describe the 98 time course and localization of cofilin-actin rod formation in four different mouse brain ischemia 99 models. Three of these models involve reperfusion after variable intervals and somewhat All data are expressed as means ± s.e.m., with the "n" of each study defined as the number 258 of mice or, for cell cultures, the number of independent experiments unless otherwise stated.
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Data were analyzed using one-way ANOVA and the Dunnett's test for multiple comparisons 260 against a common (control) group. Where only two groups were compared, the two-sided t-test 261 was used.
263

Results
264
We first validated cofilin-actin rod detection using a cell culture model of stroke, in which 265 energy failure is induced by blocking glucose and oxygen utilization (chemical oxygen-glucose 266 deprivation; cOGD). cOGD induced widespread formation of punctate and rod-shaped 267 aggregates in neuronal processes that were recognized by rabbit antibody to cofilin-1 (Fig 1) .
268
These aggregates are characteristic of cofilin-actin rods [30, 31] were localized primarily to the 269 neurites, though some were also observed in cell soma. Some neurites contained segments in 270 which the rods were co-localized with microtubule-associated protein-2 (MAP2), whereas other 271 segments showed an abrupt discontinuity of MAP2 at sites of rod formation (Fig 1) . This pattern 
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We next evaluated cofilin-actin rod formation in mice exposed to the transient MCAo model showed an abrupt discontinuity of cytoskeletal markers (MAP2 and NF-H) (Fig 3) . The higher 284 magnification views also show that many of the cofilin-actin rods that appear non-linear are 285 composed of overlapping linear arrays. This is best seen in neurons co-labeled with the axonal 286 marker amyloid precursor protein (APP), which is not a cytoskeletal element. By contrast, there 287 was no co-localization between cofilin-1 and either the oligodendrocyte marker CNPase, the astrocyte cytoskeletal marker GFAP, the microglia/macrophage marker CD11b, or the 289 endothelial cell marker CD31 (cluster of differentiation 31; also termed platelet endothelial cell 290 adhesion molecule-1) (Fig 3) . reperfusion. Immunostaining for cofilin-1 after CCAo showed rod shaped and punctate 297 accumulation predominately in these same anatomical regions (Fig 4a) . The morphology of 298 cofilin-actin rods was similar to that observed after MCAo, but the time course was different. In
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CA1 and cortex, the extent of rod formation was several-fold greater than control by 1 hour after 300 reperfusion, but less at 24 hours (Fig 4b) . The pattern was different in the dentate gyrus, with 301 peak signal observed at the zero time point (immediately before reperfusion, when ATP levels 302 are likely lowest), and had resolved by 1 hour.
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We additionally evaluated brains from mice subjected to cardiac arrest / cardiopulmonary 304 resuscitation (CA/CPR) [24, 25] . CA/CPR renders the entire brain ischemic, but for a shorter 305 interval than the CCAo model. Brains from CA/CPR mice showed negligible cofilin-actin rod 306 formation in cortex (not shown), perhaps reflecting the shorter ischemic duration. Rod formation 307 was observed in the in the hippocampal dentate gyrus and CA1 (Fig 5) , though less extensively 308 than in the CCAo mice.
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Most clinical strokes are caused by emboli that persist for many hours or days, and hence 310 may better be mimicked by permanent ischemia animal models that do not provide early 311 reperfusion. To evaluate cofilin-actin rod formation in permanent ischemia, we used a 312 photothrombotic method to induce infarction in a defined region of mouse cortex (Fig 6a) .
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Cofilin-actin rods were identified primarily on the border region of the resulting infarct, and not in 314 the infarct core (Fig 6b,c) . In contrast to the stroke models with early reperfusion, rod formation 315 was observed to increase between 1 and 24 hours after ischemia onset, and expand out into 316 the non-ischemic tissue in which normal cell nuclei were apparent (Fig 6d) .
317
Cofilin-actin rod formation requires de-phosphorylation of the serine-3 residue of cofilin-1.
318
Thus, to further confirm the nature of the aggregates detected by cofilin-1 immunostaining, we 319 used neuron cultures exposed to cOGD and then probed these with antibodies that target either 320 total cofilin-1 or specifically ser-3-phosphocofilin-1 [26, 28, 29]. The antibody recognizing 3-ser-321 phosphocofilin was generated in rabbit, and consequently a mouse antibody to total cofilin-1 11 322 was used to perform the double labeling. As shown Fig 7a, the mouse antibody to total cofilin-1 323 showed the same pattern of rod formation after cOGD as observed with the rabbit antibody to 324 total cofilin-1 in Fig 1. Double labeling for ser-3-phosphocofilin-1 showed globally reduced 325 immunoreactivity in cOGD-treated neurons, along with a striking reduction in the ratio of ser-3-326 phosphocofilin-1: total cofilin-1 at sites of cofilin-actin rod formation. This double-labeling 327 approach was then used to similarly assess post-ischemic brain sections. As shown in Fig 7d,e 328 a reduction in the ratio of ser-3-phosphocofilin-1 : total cofilin-1 was also observed at sites of 329 ischemia-induced cofilin-actin rod formation in vivo. The magnitude of this reduction appeared 330 to be less than in the cell cultures, possibly because of signal from tissue above and below the 331 selected neurites (despite confocal imaging) or partial re-phosphorylation of free cofilin-1 in the 332 24 hour interval between ischemia and brain harvest.
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Discussion
335
Our primary aim was to describe and compare cofilin-actin rod formation in established 336 brain ischemia models that produce differing components of reperfusion injury. For technical 337 reasons it was not possible to evaluate uniform time points in each ischemia model, but 338 nevertheless several distinct patterns emerge from these studies. First, the two models with 339 brief ischemic intervals, CCAo and cardiac arrest, both induced rods preferentially in areas 340 known to exhibit high levels of oxidative stress with ischemia-reperfusion; the hippocampal CA1 341 and dentate gyrus. In both of these models rod formation was maximal within 3 hours of 342 reperfusion and had largely resolved at later time points. By contrast, the two models causing 343 frank infarction (MCAo and photothrombosis) both produced a progressive increase in rod 344 formation over the 24 hour observation interval. The photothrombotic model uniquely permits 345 clear delineation of the ischemic border, and here rod formation was found to extend into the 346 non-ischemic territory at the 24 hour time point. Importantly, rod formation was not observed in 347 the core of the photothrombotic stroke, indicating that it is not simply an inevitable aspect of 348 neuronal death. Notably, in all four stroke models cofilin-actin rod formation was significant long 349 before neuronal degeneration occurs.
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Cell culture studies have shown that oxidative stress promotes cofilin-actin rod formation and cessation of normal transport along neuronal processes [14, 31, 32, 37] .
372
Evidence suggests that rod formation reduces energy expenditure over short time 
379
The exploratory design of this study required some limitations. In order to evaluate multiple 380 time points in each of four stroke models, we used small numbers of mice at each time point, 
